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FINAL TECHNICAL REPORT
Summary of Project. This grant was awarded to study the structure and function
•-*:
of a rhodopsin-like pigment bacteriorhodopsin (bR) / which we had discovered in cell
membranes of the extreme nalophile Halobacterium halobium and isolated in pure form.
Its function was shown to be that of a light-energy transducer, which generates an
electrochemical potential across the cell membrane/ by translocating protons from the
cytoplasm to the outside medium. The cell then uses this gradient to drive other
metabolic processes and locomotion.
Under this grant we spectroscopically characterized intermediates which appear
in the cyclic photoreaction that drives the proton translocation. For this we esta-
blished time-resolved absorption spectroscopy which covered the time-range from 10
to 10 s. For higher time resolution and resonance Raman experiments we collaborated
with other groups. Wa established that the Schiff base which links the chromophore
retinal to the protein undergoes a transient deprotonation during the photocycle, and
also an all-trans to 13-cis isomerization. We further showed that after deprotona-
tion of the Schiff base/ a proton is ejected from the external side and later one
proton taken up on the cytoplasmic side of the transmembrane protein, bR. We have
also kinetically resolved the charge translocation in membrane monolayers and mul-
tilayers placed between electrodes. We have determined the angle between the chromo-
phore transition movement and the plane of the membrane and shown that there is lit-
tle if any change during the photoreaction cycle.
Bacteriorhodopsin occurs in the form of a crystalline two-dimensional lattice in
the plasma membrane, which allows determination of its structure with near atomic
resolution. Apparently, its polypeptide chain crosses the membrane seven times in
ex-helical configuration. We have used reconstitution of bR from the opsin and
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retinal with one or the other component deuterated to obtain localization of retinal
in the structure by neutron diffraction. It showed the p -ionone ring in the center
of the membrane profile. The in-plane localization was ambiguous and has recently
been superceded as a result of similar experiments carried out with the far superior
neutron source available at Grenoble. In collaboration with R. Stroud, we have
determined that an earlier determination of the binding site in the amino acid
sequence of bR was erroneous and that the G-amino group of Lys 216 is the correct
site. This collaboration also led to a higher resolution structure which limited the
possible assignments of amino acid sequence to the rod-like structures seen in the
structural model.
Based on these data/ we have developed a model for the proton translocation pro-
cess/ in which the isomerization of the retinal Schiff base decreases its pK to drive
the proton off and simultaneously changes the connectivity from the cytoplasmic sur-
face to the external surface. Proton conduction is assumed to occur via transmem-
brane chains of hydrogen-bonded groups. We have tried to follow the change in acces-
sability of the Schiff base using nanosecond electron beam pulses to rapidly reduce
the Schiff base and stably link it to the protein. We further hoped to disprove con-
clusively a postulated transient change in the Schiff base linkage from Lys 41 to 216
in the photocycle. These experiments/ however/ proved so time-consuming and costly
that they did not progress beyond a feasibility study.
We have further investigated the stoichiometry of proton pumping in intact cells
and the effect of the light-generated electrochemical potential on the kinetics of
the photoreaction cycle and the synthesis of ATP. The latter experiments yielded
strong evidence that in addition to a classical chemi-osmotic mechanism/ a more
direct energy-coupling must exist.
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Finally, we have used the techniques developed for the study of ]1. halobium to
investigate the occurence of bacteriorhodopsin and similar pigments in isolates from
several natural sources/ mainly the southern Sinai coast, the viestern Sahara and Baja
California. Photoactive pigments similar or identical to bR or-the closely related
light-driven chloride pump halorhodopsin (hR) were found in many. For some, we have
also demonstrated the corresponding light-driven ion movements and ATP-synthesis. In
addition, similar pigments with a much slower photocycle were observed, which are
apparently similar to the recently discovered sensory bacterial rhodopsins, which
mediate phototactic responses.
BIBLIOGRAPHY
Bivin, D.B., and W. Stoeckenius. 1986. Photoactive retinal pigments in haloalkali-
philic bacteria. >J. Gen. Microbiol. (in press).
Bogomolni, R. A. 1977. Light energy conservation processes in Halobacterium halobium
cells. Fed. Proc. 36:1833-1839.
Bogomolni, R. A. 1984. Photochemical reactions of halorhodopsin and slow-rhodopsin.
In; Information and Energy Transduction in Biological Membranes. Bolis, C. L., J.
Helmreich, E, and H. Passow, editors. Alan R. Liss, Inc., New York. 5-12.
Bogomolni, R. A., R. A. Baker, R. H. Lozier, and W. Stoeckenius. 1976. Light-driven
proton translocations in Halobacterium halobium. Biochim. Biophys. Acta. 440:68-
88.
Bogomolni, R. A., R. A. Baker, R. H. Lozier, and W. Stoeckenius. 1980. Action spec-
trum and quantum efficiency for proton pumping in Halobacterium halobium. Biochem-
istry USA. 19:2152-2159.
Bogomolni, R. A., and J. L. Spudich. 1982. Identification of a third rhodopsin-like
NSG-7151 4 W. Stoeckenius
pigment in phototactic Halobacterium halobium. Proc. Natl. Acad. Sci. USA.
79:6250-6254.
Bogomolni, R. A., L. Stubbs, and J. K. lanyi. 1978. Illumination-dependent changes in
the intrinsic fluorescence of bacteriorhodopsin. Biochemistry USA. 17:1037-1041.
Bogomolni, R. A./ M. E. Taylor/ and W. Stoeckenius. 1984. Reconstitution of purified
halorhodopsin. Proc. Natl. Acad. Sci. USA. 81:5408-5411.
Bogomolni/ R. A., and H. J. Weber. 1982. Assay of pigment P588 and its discrimination
from bacteriorhodopsin by flash spectroscopy techniques. Methods Enzymol.
88:434-439.
Casadio, R., H. Gutowitz, P. Mowery, M. Taylor, and W. Stoeckenius. 1980. Light-dark
adaptation of bacteriorhodopsin in Triton-treated purple membrane. Biochim.
Biophys. Acta. 590:13-23.
Casadio, R., and W. Stoeckenius. 1980. Effect of protein-protein interaction on light
adaptation of bacteriorhodopsin. Biochemistry USA. 19:3374-3381.
Druckmann, S., R. Renthal, M. Ottolenghi, and W. Stoeckenius. 1984. The radiolytic
reduction of the Schiff base in bacteriorhodopsin. Photochem. Photobiol. 40:647-
651.
Helgerson, S. L., M. K. Mathew, D. B. Bivin, P. K. Wblber, E. Heinz, and W. Stoeck-
enius. 1985. Coupling between the bacteriorhodopsin photocycle and the protonmo-
tive force in Halobacterium halobium cell envelope vesicles. III. Time-resolved
increase in the transmembrane electric potential and modeling of the associated
*ion fluxes. Biophys. J. 48:709-719.
Helgerson, S. L., and W. Stoeckenius. 1985. Transient proton inflows during illumina-
tion of anaerobic Halobacterium halobium cells. Arch. Biochem. Biophys. 241:616-
627.
Hwang, S. B., J. I. Korenbrot, and W. Stoeckenius. 1977. Structural and spectroscopic
characteristics of bacteriorhodopsin in air-water interface films. £. Membrane
NSG-7151 5 W. Stoeckenius
Biol. 36:115-135.
Hwang/ S. B./ J. I. Korenbrot/ and W. Stoeckenius. 1977. Transient photovoltages gen-
erated by charge displacements in intermediates of the bacteriorhodopsin pho-
toreaction cycle. In; Bioenergetics of Membranes. Packer, L., Gi Papageorgiou/ G,
and A. Trebst, editors. Elsevier/North-Holland Biomedical Press, Amsterdam. 137-
147.
Hwang, S. B., and W. Stoeckenius. 1977. Purple membrane vesicles: Morphology and pro-
ton translocation. .J. Membrane Biol. 33:325-350.
Hwang, S. B., Y. W. Tseng, and W. Stoeckenius. 1981. Spontaneous aggregation of bac-
teriorhodopsin in brown membrane. Photochem. Photobiol. 33:419-427.
Javor, B., C. Requadt, and W. Stoeckenius. 1982. Box-shaped halophilic bacteria. £.
Bacteriol. 151:1532-1542.
Jost, P. C., D. A. McMillen, W. D. Morgan, and W. Stoeckenius. 1978. Lipid-protein
interactions in the purple membrane. In; Light Transducing Membranes: Structure,
Function, and Evolution. Deamer, D. W., editor. Academic Press, New York. 141-155.
Katre, N. V., P. K. Wolber, W. Stoeckenius, and R. M. Stroud. 1981. Attachment
site(s) of retinal in bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 78:4068-
4072.
Kimura, Y., A. Ikegami, and W. Stoeckenius. 1984. Salt and pH-dependent changes of
the purple membrane absorption spectrum. Evidence for changes in conformation of
the protein. Photochem. Photobiol. 40:641-646.
King, G. I., P. C. Mowery, W. Stoeckenius, H. L. Crespi, and B. P. Schoenborn. 1980.
Location of the chromophore in bacteriorhodopsin. Proc. Natl. Acad. Sci. USA.
77:4726-4730.
King, G. I., W. Stoeckenius, H. L. Crespi, and B. P. Schoenborn. 1979. The location
of retinal in the purple membrane profile by neutron diffraction. £. Mol. Biol.
130:395-404.
NSG-7151 6 W. Stoeckenius
Kouyama/ T., R. A. Bogomolni, and W. Stoeckenius. 1985. Photoconversion from the
light-adapted to the dark-adapted state of bacteriorhodopsin. Biophys. J.
48:201-208.
Lozier, R. H., Q. Chae/ P. C. Mowery, and W. Stoeckenius. 1978. Flash photolysis stu-
dies of bacteriorhodopsin species formed at extreme low pH. In: Energetics and
Structure of Halophilic Microorganisms. Caplan, S. R., and M. Ginzburg, editors.
Elsevier/North-Holland Biomedical Press, New York. 297-301.
Lozier, R. H., and W. Niederberger. 1977. The photochemical cycle of bacteriorhodop-
sin. Fed. Proc. 36:1805-1809.
Lozier, R. H., W. Niederberger, R. A. Bogomolni, S. B. Hwang, and W. Stoeckenius.
1976. Kinetics and stoichiometry of light-induced proton release and uptake from
purple membrane fragments, Halobacterium halobium cell envelopes, and phospholipid
vesicles containing oriented purple membrane. Biochim. Biophys. Acta. 440:545-
556.
Lozier, R. H., W. Niederberger, M. Ottolenghi, G. Sivorinovsky, and W. Stoeckenius.
1978. On the photocycles of light- and dark-adapted bacteriorhodopsin. In; Ener-
getics and Structure of Halophilic Microorganisms. Caplan, S. R., and M. Ginzburg,
editors. Elsevier/North-Holland Biomedical Press, New York. 123-141.
Lozier, R. H., and L. A. Parodi. 1984. Bacteriorhodopsin: Photocycle and
stoichiometry. In: Information and Energy Transduction in Biological Membranes.
Helmreich, E. J., editor. Alan R. Liss, New York. 39-50.
Mowery, P. C., R. H. Lozier, Q. Chae, Y. -W. Tseng, M. Taylor, and W. Stoeckenius.
1979. Effect of acid pH on the absorption spectra and photoreactions of bac-
teriorhodopsin. Biochemistry USA. 18:4100-4107.
Mowery, P. C., and W. Stoeckenius. 1981. Photoisomerization of the chromophore in
bacteriorhodopsin during the proton pumping photocycle. Biochemistry USA.
20:2302-2306.
NSG-7151 7 W. Stoeckenius
Nagle, J. F., L. A. Parodi, and R. H. Lozier. 1982. Procedure for testing kinetic
models of the photocycle of bacteriorhodopsin. Biophys. £. 38:161-174.
Parodi, L. A., R. H. Lozier, S. M. Bhattacharjee, and J. F. Nagle. 1984. Testing
kinetic models for the bacteriorhodopsin photocycle: II. Inclusion of an O to M
backreaction. Photochem. Photobiol. 40:501-512.
Scherrer, P., and W. Stoeckenius. 1984. Selective nitration of tyrosine 26 and 64 in
bacteriorhodopsin with tetranitromethane. Biochemistry USA. 23:6195-6202.
Scherrer, P., and W. Stoeckenius. 1985. Effects of tyrosine 26 and 64 nitration on
the photoreactions of bacteriorhodopsin. Biochemistry. 24:7733-7740.
Spudich, E. N., R. A. Bogomolni, and J. L. Spudich. 1983. Genetic and biochemical
resolution of the chromophoric polypeptide of halorhodopsin. Biochem. Biophys.
Res. Comm. 112:332-338.
Spudich, J. L., and R. A. Bogomolni. 1983. Spectroscopic discrimination of the three
rhodopsinlike pigments in Halobacterium halobium membranes. Biophys. £. 43:243-
246.
Stoeckenius, W. 1977. Light energy transduction by the purple membrane of halophilic
bacteria. Fed. Proc. 36:1797-1798.
Stoeckenius, W. 1978. Bioenergetic mechanisms in halobacteria. In; Energetics and
Structure of Halophilic Microorganisms. Caplan, S. R., and M. Ginzburg, editors.
Elsevier/North Holland Biomedical Press, Amsterdam. 185-200.
Stoeckenius, W. 1978. Speculations about the evolution of halobacteria and of
chemiosmotic mechanisms. In; Light Transducing Membranes: Structure, Function, and
Evolution. Deamer, D. W., editor. Academic Press, New York. 127-140.
Stoeckenius, W. 1979. A model for the function of bacteriorhodopsin. In; Membrane
Transduction Mechanisms. Cone, R. A., and E. Dowling, J, editors. Raven Press, New
York. 39-47.
Stoeckenius, W. 1981. Walsby's square bacterium: Fine structure of an orthogonal
NSG-7151 8 W. Stoeckenius
procaryote. J. Bacteriol. 148:352-360.
Stoeckenius, W. 1985. The rhodopsin-like pigments of halobacteria: Light-energy and
signal transducers in an archaebacterium. Trends Biochein. Sci. 10:483-486.
Stoeckenius, W./ D. Bivin, and K. McGinnis. 1985. Photoactive pigments in halobac-
teria from the Gavish Sabkha. In; Ecological Studies 53, Hypersaline Ecosystems:
The Gavish Sabkha. Friedman/ G. M., and E. Krumbein/ W, editors. Springer Verlag/
Heidelberg. 288-295.
Stoeckenius, W., and R. A. Bogomolni. 1982. Bacteriorhodopsin and related pigments of
halobacteria. Ann. Rev. Biochem. 52:587-615.
Stoeckenius, w., and R. Casadio. 1979. Dissociation and reconstitution of purple mem-
brane. In; Membrane Bioenergetics. Lee, C. P., G. Schatz, and L. Ernster, editors.
Addison-Wesley Publishing Co., Reading, MA. 229-254.
Stoeckenius, W., S. B. Hwang, and J. Korenbrot. 1976. Proton translocation by bac-
teriorhodopsin in model systems. In; Structure of Biological Membranes. Abrahams-
son, S., and I. Pascher, editors. Plenum Publishing Co., New York. 479-496.
Stoeckenius, W., R. H. Lozier, and R. A. Bogomolni. 1979. Bacteriorhodopsin and the
purple membrane of halobacteria. Biochim. Biophys. Acta. 505:215-278.
Stoeckenius, W., R. H. Lozier, and W. Niederberger. 1977. Photoreactions of bac-
teriornodopsin. Biophys. Struct. Mech. 3:65-68.
Wolber, P. K., and W. Stoeckenius. 1984. Retinal migration during dark reduction of
bacteriorhodopsin. Proc. Natl. Acad. Sci. USA. 81:2303-2307.
